The mate-killer (mu) particles in the cytoplasm of Paramecium aurelia, stock 540, variety (syngen) 1, were studied by : Feulgen-staining ; phase-contrast microscopy ; fluorescence under ultraviolet irradiation after staining with acridine orange ; electron microscopy (including the ' silver-Feulgen ' technique). The appearance of the particles following treatment with DNAase and RNAase was observed. It was found that the mu particles were capsulated rod-shaped structures, 2-lop long and about 0 . 3 ,~ in diameter (excluding the capsule); they appeared to reproduce by transverse fission without formation of cross-walls. There was an external double membrane and the internal material consisted largely of DNA, which was not limited to particular zones but spread throughout the interior of the particle. RNA was also present, The relationships of the particles to other micro-organisms is discussed, and it is concluded that they do not differ from bacteria in any important respect.
INTRODUCTION
Ever since the discovery of the ' killer' strains of Paramecium aurelia by Sonneborn (1938) there has been discussion about the nature and homologies of the cytoplasmic kappa particles responsible for the peculiar killing properties of these paramecia. At one time kappa particles were considered to be gene-like elements in the cytoplasm or plasmagenes (Sonneborn, 1947) , but this view became less plausible as knowledge of the particles increased. For example Preer (1948) showed that they could be stained and seen with the light microscope, and were as large as some bacteria. Moreover, Sonneborn (1948) showed that a t least one kind of kappa particle could be experimentally transmitted from one paramecium to another by infection through the external medium. These and other findings strengthened the belief, which had been firmly held all along by certain critics (e.g. Altenburg, 1946) , that the particles were to be regarded as symbiotic micro-organisms rather than plasmagenes. Their exact position remains, however, uncertain, as can be seen from the discussion of Preer & Stark (1953) and the recent exhaustive review of Sonneborn (1959) .
Characterization of a micro-organism would ideally require a thorough description of both morphological and physiological properties, but since kappa and similar particles cannot as yet be grown anywhere except within the cytoplasm of a paramecium, we are restricted to morphological and cytochemical studies. In this paper we give an account of the structure of one type of cytoplasmic particle called mu,
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occurring in Paramecium aurelia, stock 540 (variety or syngen 1). This stock was originally collected in Mexico, and was kindly made available to us by Dr T. M. Sonneborn. It is a mate-killer having the same general properties as the mate-killers earlier described by Siegel (1953) in variety 8 . As found there, when conjugation between a mate-killer and a normal (sensitive) organism takes place, nuclear exchange proceeds normally, but one half of the ex-conjugants (those which receive cytoplasm from the sensitive conjugant) die after two fissions or less, whilst the other half (which receive cytoplasm, and hence mu particles, from the mate-killer conjugant) give rise to fully viable clones. The mechanism causing the death of the sensitive organisms is unknown, but it has been shown by Siegel (1954) that contact of the surfaces of mate-killer and sensitive paramecia for a minimum of about 2 hr. is required. Exchange of the internal contents, either nuclei or cytoplasm, is not an essential part of the killing process. A brief account of the stock 540 mate-killer, including some genetical information, was given previously (Beale, 1957) . Out of 60 stocks of P. uurelia variety 1 collected from many different parts of the world, stock 540 is the only mate-killer.
METHODS
Cultures. The paramecia were grown on baked lettuce or dried grass infusions containing Aerobacter aerogenes. Abundant mu particles were obtained by allowing the cultures of paramecia to starve for 3 4 days at room temperature in dilute buffered saline. Under such conditions the particles continue to multiply whilst the paramecia do not. The ciliates were concentrated by drawing the culture fluid through a Berkefeld candle, and subsequent centrifugation of the organisms from the fluid which remained behind.
Light microscopy. The fixatives most commonly used were methanol + acetic acid (3: l), and 1 yo (w/v) osmic acid buffered to pH 7.2. Time of fixation was 1 hr. For Feulgen staining the material was hydrolysed with N-HCl for 5 min. a t 60°, and stained for 19 hr. (whole mounts) or 2+ hr. (sections) at room temperature in dilute buffered saline. Azure A staining (see DeLamater, 1951) was by a procedure essentially the same as for the Feulgen procedure, except that in place of Feulgen reagent, staining was with azure A for 3-4 hr. a t room temperature. Paraffin sections were cut a t 2-7p thickness.
Preparations of mu particles for phase-contrast observations were made by gently crushing a few living paramecia on a slide with a coverglass and observing the particles directly (method of Preer & Stark, 1953).
For the demonstration of translucent capsules surrounding the particles, a method based on that described by Duguid (1951) was used. A dense suspension of paramecia was crushed between a slide and coverslip. The coverslip was then removed and placed on a drop of water on a clean slide. Indian ink was infiltrated into the preparation and the pazticles which adhered to the coverslip were observed by phase-contrast microscopy, with an oil-immersion objective.
Fluorescence of particles stained with acridine-orange was studied by a technique based on that described by Anderson, Armstrong &; Niven (1959) . The particles on a slide were washed with 0.01 M-acetate buffer (pH5), stained for 2 hr. with acridine orange (2.5 mg. in 1 ml. of the same buffer), thoroughly washed with buffer, and examined under ultraviolet (u.v.) Enzyme treatments. ( a ) DNAase. After fixation of whole paramecia with osmic acid or methanol +acetic acid and thorough rinsing in water and buffer (0.003 M-tris buffer at pH 7.6; 0.02 M-MgSO,. 7H,O), the suspensions of organisms were divided into two parts (tris buffer, even though it causes considerable distortion, was used in place of phosphate buffer here since a precipitate formed when the latter is used with the DNAase preparation containing MgSO,). One part was treated with a solution of crystalline DNAase (Nutritional Biochemicals Corp. ; 1 mg./lO ml. buffer) for 2 hr. a t 37.5". The second part was left in buffer for the same time and at the same temperature, as a control. Following DNAase treatment samples were stained by the Feulgen method and examined in the light microscope to check the effectiveness of the digestion ; the remainder were prepared for electron microscopy as described above.
(b) RNAase. After fixation with methanol+acetic acid (3:l) and thorough rinsing in 1/10 Ringer solution buffered to pH 6.8 with 0-004 M-phosphate, the suspensions of whole paramecia were treated with a 1 yo (w/v) solution of crystalline RNAase (Light) for 3 hr. a t 37". Effectiveness of the digestion was checked by staining samples by the methyl-green pyronin method, and observing with the light microscope the absence of pyronin-stained material in the cytoplasm.
'Silver-Feulgen' method (based on a technique of Bradfield, 1954 ; see also Jurand, Deutsch & Dunn, 1959) . After osmic fixation for 1 hr. and hydrolysis in N-HC~ at 60" for 5 min. the material was washed with distilled water until no reaction took place with a 3 yo (w/v) AgNO, solution, then treated for 1-3 hr. at 40-48" with a 1.5 yo (w/v) aqueous solution of hexamethylenetetramine containing 0.25 yo (w/v) AgNO, buffered with borate to pH 8.3. The paramecia were then washed in 1.5y0 (w/v) hexamethylenetetramine, rinsed with water, then with 5 yo (w/v) sodium thiosulphate and again with water. The material was then dehydrated and embedded in methacrylate.
RESULTS

Light microscope observations
Feulgen and azure-A staining. In mounts of whole paramecia the mu particles appeared as clouds of stained material (PI. 1, fig. 2 a ) ; usually individual particles could not be distinguished. When the paramecia were sectioned, the individual particles were seen more clearly (Pl. 1, fig. 1 ) and were then revealed as Feulgenpositive rod-shaped structures, with no internal differentiation. After 3-4 days starvation of the paramecia, the particles were extremely numerous and occupied almost the entire cytoplasm. With less severe starvation of the paramecia the particles were aggregated in one or two large colonies, in a manner similar to that described previously by Siege1 (1954) for the mu particles in other stocks. Following DNAase treatment of mate-killer paramecia, no Feulgen-positive material remained in the cytoplasm, nor, of course, in the nucleus (Pl. 1, fig. 2 b ) . (The darker material in P1. 1, fig. 2b , is due to browning produced by osmic acid, not to the Feulgen reaction.)
Phase-contrast observations. The mu particles were not seen inside living unstained paramecia, but when the latter were gently crushed, causing the contents to flow out, the particles became easily visible in phase contrast, as previously recorded for the kappa particles in other stocks by Preer & Stark (1953) . Stock 540 mu particles became characteristically orientated flat on the glass slide (Pl. 1, fig. 3a ), and were not washed off with distilled water or culture fluid, nor were they removed when the coverslip was taken off, the fluid allowed to dry and the preparation re-wetted. Some of the particles likewise adhered to the coverslip. These treatments left the particles adhering to the glass surface, and it was therefore possible to obtain a homogeneous preparation of mu particles since most other cytoplasmic structures were washed away with water. Solutions of higher ionic strength (2%, W/V, NaCl or N-HCl) caused the particles to become detached from the glass. As seen in phase contrast, the particles were usually about 2 p in length, but varied between 2 and lop. A constriction was frequently seen, but no internal structural details were discerned. The refractile bodies described by Preer & Stark (1953) in kappa particles were not present in the mu particles. It will be noticed in P1.1, fig. 3a , that the particles never appear to come into direct contact with one another, and this is a general rule. Even after DNAase treatment, which removed all Feulgen-positive material (this constitutes the bulk of the internal contents of the particles; see below) the appearance of the latter in phase contrast remained unchanged; and the same was found after RNAase treatment. The particles therefore possess a rigid envelope made of some substance other than nucleic acid. The presence of translucent material or capsules surrounding the particles was clearly shown by the indian ink technique (see P1. 1, fig. 3b ). Considerable variation in the thickness of the capsule was found in different particles, but it was commonly about 0 . 2~ thick.
Fluorescence following acridine-orange staining. Cells of higher organisms, and also bacteria, when stained with acridine orange at particular pH values and examined under U.V. radiation, show differential fluorescence of DNA-and RNAcontaining regions (see Anderson et al. 1959) . For example these authors report that, at pH 5, RNA fluoresced red and DNA green or greenish yellow in the bacteria Salmonella typhi and Escherichia coli.
Preparations of unfixed and of methanol + acetic acid fixed mu particles on glass slides obtained by crushing the paramecia were stained with acridine orange and examined under U.V. radiation. The fluorescence of the mu particles was always weak, notwithstanding use of longer and stronger staining procedures than those recommended by Anderson et al. For comparison we sometimes included in the same preparations bacteria (Aerobacter aerogenes) and cytoplasm and nuclei of Paramecium, and found that these fluoresced brightly as expected.
At pH 5 the mu particles fluoresced a pale yellowish colour. When they had been pretreated with DNAase and then stained with acridine orange, fluorescence was somewhat more orange, and when the pretreatment was with RNAase, the fluorescence became more greenish, than in the preparations not treated with enzymes. It is therefore concluded that the particles contained RNA and DNA, but the reason for the faintness of the fluorescence is not known. I n any case no internal differentiation of RNA-and DNA-containing regions was demonstrated by this method.
Electron microscope observations
Ultra-thin sections of mu particles in the cytoplasm of osmic acid-fixed paramecia, as seen with the electron microscope, are shown in P1.1 and 2, figs. 4-8 . The particles are seen to be bounded by a double membrane, have a diameter of about 0*3p, are usually quite straight, and contain material which appears more dense than the cytoplasm of the paramecia. Within the dense material there is an arrangement of irregular vacuole-like areas, within which dense granules are frequently seen. Sometimes a section was obtained which showed a rather regular row of these 'vacuoles ', each one containing a dense central spot, but usually the pale regions were irregularly distributed and might be close against the external membrane. A single large vacuole was often found at one end of a particle (Pl. 2, fig. 8 ) . I n particles which showed a median constriction, and were apparently about to undergo transverse fission, no internal cross-wall was seen (Pl. 1, fig. 4 ). Around the outside of the particles a pale area was commonly (though not always) found, corresponding to the capsule as seen in phase contrast by the indian ink technique (see especially P1. 1, fig. 6 ). (Mitochondria and other cytoplasmic inclusions showed no such surrounding pale area.) Where the particles were concentrated in one or two large groups in the cytoplasm, the latter appeared generally less dense in that region than where there were few or no particles. A number of normal paramecia (not mate-killers) were sectioned and examined in the electron microscope; none was found to contain the mu particles as described above.
Effect of enzynae treatment on appearance of particles in the electron microscope. In PI. 3, figs. 9 b and lob, are shown preparations of paramecia treated with DNAase before embedding and sectioning. P1. 3, fig. 10 , shows material fixed with osmic acid (and washed with tris buffer) and PI. 3, fig. 9 , material fixed with methanol+ acetic acid (and washed with phosphate buffer). In each case samples of DNAasetreated material were stained by the Feulgen method and confirmation was obtained that all Feulgen-positive material had been removed from the mu particles and from the macronucleus. Further, DNAase-treated material was stained with pyronin ; it gave positive reactions. Thus it was confirmed that DNAase treatment removed DNA but not RNA, and that the fixatives used did not interfere with subsequent digestion by DNAase.
The DNAase-treated material was compared with controls which were treated according to the same procedure of fixation, washing in buffer, etc., but not treated with enzyme (Pl. 3, figs. 9 a , 10a) . This was important since the appearance of the particles in the electron microscope was markedly affected by such treatments, as can be seen by comparison of PI. 3, figs. 9a, 10a with PI. 1, figs. 4-6. We have never considered it worth while to make comparisons between preparations made at different times, since there is no doubt that slight variations in the kind of buffer, times and temperatures of washing, etc., have profound effects on the appearance of the material in the electron microscope. The effect of the DNAase treatment was On: Sat, 22 Dec 2018 06:08:08
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clearly to remove the greater part of the electron-dense material from both osmicacid-fixed and methanol + acetic-acid-fixed mu particles. Some electron-dense material remained round the outer margin and a few irregular granules within. In the methanol +acetic acid-fixed preparations, the contents of the particles were shrunken away from the membrane; DNAase treatment resulted in some swelling (Pl. 3, figs. 9b, lob). From these observations it is concluded that most of the electron-dense material inside the particles contained DNA, which was not restricted to any central ' nuclear ' region.
The effects of treatment with the RNAase preparation were also studied, and were quite clear in spite of the severe distortion brought about by the methanol+ acetic acid fixation and rinsing in Ringer solution, etc. (see P1. 4, fig. 13a ). RNAase treatment resulted in the disappearance of the pale vacuole-like regions, so that the particles became uniformly opaque (Pl. 4, fig. 13b) . A superficial resemblance may be noted between the particles in P1. 4, fig. 13b (RNAase treated), and P1.3, fig. 9a (controls for DNAase experiment), but this is due to the fact that in P1. 3, fig. 9a , the pale areas in the particles were much decreased in size on account of the tris buffer used. It is tentatively concluded that RNA is present in the 'pale' regions, and that the structure of the latter is destroyed by RNAase, allowing the electrondense material to flow in. It is not excluded, of course, that RNA is present also in the electron-dense regions before treatment with RNAase.
' Silver-Fmlgen ' reactim. As described in the ' Methods ' section, some mate-killer paramecia were hydrolysed with N-HC~ and impregnated with silver nitrate. The idea behind this method is that products of hydrolysis of DNA (aldehydes), which re-colorize Schiff's reagent in the normal Feulgen technique, would also be expected to reduce silver nitrate to metallic silver, which could then be detected in the electron microscope. Some paramecia were therefore hydrolysed and impregnated with silver nitrate, then embedded, sectioned and observed in the electron microscope. The mu particles in these preparations were found to contain a massive electrondense deposit-( ' silver granules '), especially in a zone just inside the outer double membrane, and to a lesser degree in the interior of the particles (Pl. 4, fig. 11 ).
Other cytoplasmic structures such as mitochondria showed no such concentration though there was a background of electron-dense granules randomly distributed throughout (though much less dense than in the mu particles). The macronucleus, as expected, showed a dense accumulation of electron-dense granules. Unhydrolysed material when treated with silver nitrate in the same way showed no differential accumulation of silver granules in the mu particles or elsewhere, but merely a random deposition. That reduction of silver to the metallic form was in fact brought about by the hydrolysis products of DNA was shown by studying the effect of DNAase on preparations subsequently treated with silver nitrate. P1. 4, figs. 12a, 12b, shows a comparison of DNAase-treated and control particles, and clearly reveals an almost complete absence of silver granules in the enzyme-treated particles, in spite of severe distortion of the structure of the particles due to the various chemical treatments.
DISCUSSION
From these observations it is concluded that the mu particles in Paramecium aurelia stock 540 (mate-killer) are rod-shaped structures varying in length between 2 and lop, width about 0 . 3~~ and surrounded by a double membrane and capsule. In a general way they resemble the kappa particles of other stocks of P. aurelia described by Dippell(l958) and Hamilton & Gettner (1958) , but there are differences in detail. The mu particles studied here differ from the kappa particles by being longer and thinner, in lacking the refractile bodies found in a proportion of kappa particles (so-called ' brights '), and in the presence of a capsule, The kappa particles are more or less uniformly distributed throughout the cytoplasm whilst the mu particles form large clusters; it seems likely that this clumping is connected with the presence of the capsular material, since it will be remembered that the cytoplasm of paramecia is a fluid medium constantly circulating in the living organisms. The mu particles, like kappa particles, contain DNA and this substance is not confined within central 'nuclear' bodies, but spread throughout the particles. RNA is also present, as also reported for kappa by Dippell (1959a, b) .
The mu particles resemble certain bacilli in size and shape and it is with these organisms that we should compare the particles most closely. The most striking difference is in the localization of the 'nuclear' material. With many bacteria, even though no chromosomes can be seen, the ' nuclei ' are localized in a definite zone in the centre of the cell, containing Feulgen-positive material. In electron micrographs this zone appears less dense than the rest of the bacterial contents, but within this less dense zone extremely electron-dense material may sometimes be seen and the latter has been considered to be identical with the Feulgen-positive material seen in the light microscope (Maalae & Birch-Andersen, 1956 ). These workers consider that in bacteria fixed with osmic acid or formaldehyde aggregates of DNA are objects which appear dark in electron micrographs. This would be in conformance with the results of our studies on the effect of treatment of the mu particles with DNAase, which led to a considerable decrease or elimination of electron-dense material within the particles in both osmic acid and methanol + acetic-acid-fixed material. What is unusual about the contents of the mu particles is that the DNAcontaining material seems to occupy practically the whole of the interior of the particle, extending even to the external double membrane.
Concerning the ' silver-Feulgen ' technique, several different interpretations are possible (as indeed is true also of the classical Feulgen reaction itself). We have found that some structures in paramecia which are unlikely to contain DNA, e.g. parts of the pellicle, may also cause a reduction to metallic silver in hydrolysed material. However, our results with DNAase treatment showed that the silver deposit within the mu particles was in fact due to the presence within them of DNA hydrolysis products. The fact that so high a density of silver granules was found just within the outer double membrane is not clearly understood but we assume is due to the reduction of silver ion immediately on entering the particle, so that a concentration gradient is set up. It seems unlikely that there is localization of DNA around the outside of the particles. Doubtless objections could be raised against the various interpretations o f individual cytochemical reactions which are described here, and particularly with regard to enzyme treatments of material examined by electron microscopy. However, when the results of all the tests are considered, a consistent picture is obtained. All the different techniques studied (Feulgen staining; fluorescence of acridine-orange-stained particles ; DNAase treatment of particles observed in the electron microscope ; the ' silver-Feulgen ' technique) have given the same result, namely that the DNA in the particles is spread throughout them. This kind of distribution is not typical of many bacteria which have been examined cytochemically (as earlier noted by Preer & Stark, 1953). Nevertheless, it is known that the appearance of bacterial ' nuclei ' is much affected by the nutritional and ionic conditions before and during fixation and staining (Robinow, 1956) , and the habitat of the mu and kappa particles is after all very different from that of the saprophytic bacteria normally studied. The mu particles also differ from many bacteria in their structure during division. Sections of dividing bacteria often show a cross-wall developing between the two halves (see for example Bradfield, 1956 ); in the constricted mu particles, which one assumes are in the process of fission, no such crosswalls were seen. However, this distinction is unlikely to be critical and many bacteria may well be found to divide by constriction rather than transverse septum formation. Finally, the mu particles apparently lack the cytoplasmic membrane, distinct from the cell wall, often seen in electron micrographs of bacteria.
Whether the mu (and kappa) particles should be classified amongst the bacteria depends entirely on what definition is placed on that group. Doubtless the obligatory intracellular habitat of the particles has led to a nutritional situation where it is unnecessary for them to maintain the metabolic machinery of free-living forms.
They would not require many of the enzymes located in the ' cytoplasm ' of bacteria, and this might result in a greater proportion of the structure being occupied by nuclear material (as pointed out by Sonneborn, 1959) . We therefore conclude that the mu particles are bacteria which have become adapted to life in the cytoplasm of paramecia.
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